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Abstract
Background Soil is a foremost provider of (agro-)
ecosystem services, making plant-soil interactions
pivotal in agriculture research. The functioning of
soils entails complex interactions between soil biota
and the abiotic soil environment and is therefore often
considered as a ‘black box’. The study of Verbruggen
et al. (this volume) tries to crack the black box open
by examining the role of soil microbial communi-
ties from conventional and organic farming fields
for the growth of Zea mays and phosphorous
retention in the soil.
Scope In this commentary on the paper of Verbruggen
et al. (2011) we use the study to illustrate that
investigating soils, and specifically the role of soil
biota in ecosystem functioning, is not straightforward,
given the overwhelming soil biodiversity and the
complexity of soil as a habitat. We discuss the key
elements that need to be considered in order to
translate results of highly controlled experiments with
inoculated soil biota to their functioning in the field.
Conclusions Verbruggen et al. contribute to our
understanding of the functional role of AMF in
agro-ecosystems. Yet the results only allow us to
merely speculate about the realized functional role of
AMF communities in the field, a very interesting
avenue for future research.
Keywords Inoculation experiment . Soil legacy .
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interacions
In a world where organic agricultural practice is put
forward as a sustainable alternative to conventional
farming, understanding the implications of these two
contrasting management types for the provision of
essential soil functions is more than welcome
(Gomiero et al. 2011). From both natural and human
dominated ecosystems, it is well known that soil biota
play an integral role in soil processes that are essential
for sustaining plant productivity and other soil based
ecosystem functions (Brussaard et al. 1997). Soil
biota are the main drivers of mineral nutrient cycling
(Coleman et al. 2004) and also play an important role
in causing and suppressing pathogenesis in plants
(Garbeva et al. 2004), in the formation of soil
structure and in the sequestration of soil carbon
(Bronick and Lal 2005; De Deyn et al. 2008). The
activity of micro-organisms, meso- and macrofauna in
the soil thus affects both abiotic and biological soil
properties which are important for plant growth.
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Particularly interesting and relevant for plant
performance are the ubiquitous micro-organisms
present in the rhizosphere, i.e. the soil environment
in the immediate surroundings of the roots. A
complex interplay of antagonistic and mutualistic
interactions between plants and rhizosphere organisms
can give rise to large variations in plant performance
resulting from the combined effect of these plant-soil
biological interactions (Garbeva et al. 2004; Buée et al.
2009). Antagonistic organisms in the rhizosphere
include parasitic nematodes, pathogenic fungi and
bacteria (Jackson and Taylor 1996). Among the
mutualistic micro-organisms associated with plant
roots, arbuscular mycorrhizal fungi (AMF) are the best
known. These fungi live partly in plant roots and partly
in the soil matrix and provide their host plant with
nutrients, mainly phosphorous, in exchange for carbon
compounds of the host plant. The effects of AM fungi
on plant performance are however not fixed and can be
dependent on the specific combination of AMF and
plant species (Klironomos 2003), on interactions
between AMF and the surrounding soil dwelling
organisms (e.g. Azcón-Aguilar and Barea 1996; Barea
et al. 1996; Vazquez et al. 2000) and—importantly—on
the abiotic soil context in which the plant-AMF
interactions take place (Hoeksema et al. 2010). For
AMF but also for other groups of soil organisms,
especially those which directly interact with plant
roots, it has been shown that their effects on plant
performance interact with the abiotic properties of the
soil, with often stronger impacts of soil biota in soils
with lower availability of mineral nutrients (De Deyn
et al. 2004; Hoeksema et al. 2010).
Sustainable farming relies on internal biological
processes which maintain soil fertility and crop
protection under low external input of fertilizers and
chemical pest management. A main challenge is thus to
identify and protect the functional components of soil
biodiversity that provide these ecosystem services
(Altieri 1999; Kuyper and Giller 2011). A full
understanding of biological soil functioning and the
associated ecosystem services under different agricul-
tural management types can, however, only be
obtained by taking an integrated perspective, consider-
ing short-term as well as long-term interactions
between soil biota, abiotic soil properties and plant
performance (Barrios 2007).
Studying soils and specifically the role of soil
biota in ecosystem functioning is not straightfor-
ward, given the overwhelming diversity of soil biota
and the opaqueness of soil as a habitat. Indeed, it
may not be a surprise that soils are often considered
as a ‘black box’. Studies on the relation between soil
biota and ecosystem functioning are facing the
difficulty of choosing between a holistic or reduc-
tionist approach. In the holistic approach, a high
relevance to natural systems is attained by using
natural, complex, soil communities and testing their
combined impact on ecosystem response variables,
but without knowing the exact underlying mecha-
nisms in play, so that the soil system remains a
‘black box’. The reductionist approach on the other
hand provides mechanistic insights in soil function-
ing by focusing on the mechanism by which a
specific species or specific group of soil biota affects
ecosystem processes in isolation. In this commen-
tary, we discuss the advantages and the pitfalls
hidden in both the holistic and reductionist approach
using the paper by Verbruggen et al. (2011) (this
volume) as a case study, where elements of both
approaches have been combined.
The study of Verbruggen et al. (2011) aimed to
explore potential differences in the functioning of
soil microbial communities between agricultural
fields with a history of either organic or conventional
farming, and to separate the effects of soil microbial
activity from the effects of other soil properties that
could affect the processes under study. In two
greenhouse experiments, the functional role of
field-specific microbial communities was investigat-
ed for two ecosystem processes: phosphorous leach-
ing (after artificial rainfall) and plant biomass
production (using Zea mays as test plant). The soils
were collected from agricultural fields on sandy soils
which were managed in a conventional or organic
way, pairwise co-occurring for each management
type and distributed over five regions in The
Netherlands. Living soil from the different fields
was added to a larger fraction of sterilized soil
(composed from a mixture of soil from an organi-
cally managed field and nutrient poor sand), the
latter being uniform over all treatments. A similar
approach of soil inoculations into a background of
homogenized sterilized soil is often used in plant-
soil feedback studies which aim to separate impacts
of soil biota on plant growth from potential differ-
ences in abiotic soil properties (Kulmatiski and
Kardol 2008; Brinkman et al. 2010).
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Intrinsically, by applying an inoculation approach
as in Verbruggen et al. (2011), it is not possible to
really isolate the functioning of the soil microbial
community and its effects on plant performance from
the abiotic soil properties, as they function within the
abiotic setting provided. In the field however, soil
biota modify their abiotic environment, both in
physical and chemical sense, at various scales in
space and time (Wright and Upadhyaya 1998; Barrios
2007). Levels of plant available soil nutrients and soil
structure for instance are genuine components of soil
microbial effects, which are however—intentionally—
not studied in inoculation experiments (i.e. the aim is to
limit abiotic carry-over effects from the inoculum soil to
the soil mixture used in the experiment). Moreover, the
functional significance of the rhizosphere community,
including AM fungi, can be dependent on abiotic factors
in the soil, and can therefore—in principle—only be
properly assessed within this abiotic context. Apart from
these limitations, inoculation experiments are certainly a
good way to separate effects of soil microbes from the
abiotic context they are operating in, potentially giving
valuable insights in the role these microbes play in
their original soil environment. Within this original soil
environment, coupling soil processes and functions to
the activity and abundance of specific belowground
organisms or taxa is difficult, one reason being the
complex belowground multitrophic network all soil
organism are embedded in (Wardle 2006). Indeed,
many biologically driven soil processes are the result
of the combined activity of functionally different
organisms across the different trophic levels (Wurst et
al. 2012). To what extent the functional significance of
one organism group in the soil-plant system can be
understood by the study of individual effects, without
considering multitrophic interactions, is likely depen-
dent on the effect size of the organisms of interest and
the degree of interaction with other groups of below-
ground biota (Wurst et al. in press, Ladygina et al.
2010). This complexity of the belowground ecosystem
also implies that observational field studies involving
soil microbes and their effect on soil functioning and
plant growth cannot provide solid mechanistic insight
in the processes at play. Consequently, controlled
experiments are a requisite in elucidating the mecha-
nisms behind soil processes in the field. Nevertheless, a
combination of highly controlled (e.g. an inoculation
experiment with only one microbial group in a sterile
background soil) and more natural experiments (e.g.
manipulating AMF abundance in the field using
selective fungicide treatments) should allow for a more
complete understanding of the functioning of a specific
group of organisms. Experimentally gained informa-
tion on individual interactions (for example an AMF-
plant interaction in sterile soil) can be integrated with
information, obtained from field experiments and
observational studies, on possible biological and
abiotic factors influencing the individual interaction
(for instance the presence of interacting biota and
nutrient levels in the soil), and thus the functional
significance of the interaction of interest in the original
soil environment. This crosstalk of results from field
studies and controlled experiments also guides the
design of more complex controlled experiments, where
additional factors (e.g. nutrient status and/or increasing
complexity of soil communities) can be included.
For the specific goal of investigating which
biological agents cause variation in soil functioning
and ecosystem services between agricultural fields of
different management, it is, as explained above, not
possible to rule out the effects of long term lecagies of
the microbial community on abiotic and biological
characteristics of the soil, limiting the possibility to
draw causal linkages in a biological manipulation
experiment. For instance, a fungicide treatment
applied in the field will not exclude the long term
effects of fungi on for example soil structure. In this
particular case, the problem is that indirect fungal
effects on plant performance we may want to exclude
(i.e. those that operate on long timescales and are not
the effect of direct plant-fungus interactions) are still
present in the manipulated system. On the other hand,
the causal linkages between microbial community
composition, soil functioning and plant performance
which can be investigated properly in controlled
inoculation experiments only comprise the short term
effects of the microbial community, because the long-
term effects (e.g. on soil structure, organic matter
content, water retention capability) are wiped away
during the experimental set up of the inoculation
experiment.
Specifically for AM fungi, the experimental pro-
cedures of an inoculation study—notably the sieving
and mixing of soils—can also fundamentally change
their functioning by destructing mycelial networks
and promoting fast over slow growing AMF species
(Evans and Miller 1990, Helgason et al. 1998). Put
short, it becomes clear that essential trade-offs exist
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when choosing between different approaches to study
the functioning of microbes (or other soil organisms)
in an ecosystem context.
An essential point we want to make is that by
combining different experimental methods and
observational studies, a mechanistic explanation
of the effects in a simplified experimental design
can be tested for consistency in field situations,
where many factors and interactions occur simul-
taneously. Experimentally clear-cut results might be
hard to translate to patterns observed in the field
(e.g. Vandegehuchte et al. 2010). If such an
inconsistency of experimental and field data is
found, hypotheses can be formulated on why this
might be so—which factors are we missing out, and
which biological interactions might be in play in the
field, not included in the experimental treatments?
Hopefully, the above made clear that inoculation
experiments face many limitations in assessing
microbial community effects on the functioning
of soils. However, they can considerably add to
our understanding of soil biology and associated
ecosystem services. To gain insight in the mecha-
nistic basis of soil microbial effects on ecosystem
functioning using inoculation approaches, and to
assess the possible discrepancies between con-
trolled experiments and field conditions, we advo-
cate that the following questions need to be taken
in consideration.
1. Which members of the microbial community are
likely to be the causing agents for the observed
effects, and how can we validate this causality?
2. To what extent does the microbial community
established under experimental conditions reflect
the original field community of interest? This is
an essential point when extrapolating experimental
results to field conditions.
3. Appreciating the complex nature of plant-soil
biological interactions and their soil abiotic
context dependency, can we expect the functional
significance one ascribes to (members of) the
microbial community to be the same in the
original field where the experimental inoculum
originated from?
4. Given the limited (short term) timescale of most
inoculation experiments, which long term effects
of the microbial community on soil functioning
and plant performance are possibly missed out?
Dealing with this problem is a matter of trying to
integrate short term effects with long term effects,
which will need to be assessed in separate studies,
for example a mesocosm inoculation study and a
long-term inoculation experiment in the field.
We explore the results presented in Verbruggen et
al. (2011) with the above three questions in mind. In
their first experiment, Verbruggen et al. (2011) found
that maize plants reach significantly lower biomass in
soil inoculated with live soil from the fields under
study compared to a sterile control soil. However, no
significant difference in plant biomass was found
between organic versus conventional inoculum origin,
while plant biomass was clearly more variable in the
conventional inoculum treatment compared to the
organic inoculum treatment. These results suggest a
net negative impact of soil biota on plant growth
irrespective of field management type, but more
predictable ‘black box’ outcomes with soil biota
originating from organic fields.
It is more rule than exception that plants grow
better in sterile soil than on living soil (Kulmatiski et
al. 2008). In other inoculation experiments, this
phenomenon has been attributed to antagonistic
organisms in the root environment, in many cases
overruling positive plant-soil biological interactions.
So who is causing the trouble for the maize in this
experiment? Two observations support the interesting
conclusion that AM fungi might be an important
factor in this experiment, negatively affecting plant
growth. First, in a soil treatment where AMF spores
of Glomus intraradices were added to the sterile
background soil, maize growth was significantly
reduced, suggesting more costs than benefits of this
plant-symbiont association under the experimental
conditions (Johnson et al. 1997). Second, the extent
of AMF colonization in the roots was negatively
correlated with plant biomass across all the treatments—
including a sterile control, an AMF addition treatment
and the live inocula originating from the different fields.
This negative correlation between AMF colonization
and plant biomass was retained when the sterilized
treatment was removed from the analysis. Clearly, these
observations are no proof for a causal relationship
between AMF colonization extent and growth reduction
of the maize plant. As the authors point out, other soil
organisms could have been responsible for a direct
negative effect. The strong negative correlation between
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intra-radical AMF abundance and plant biomass,
together with the observation that a common AMF
species reduced maize growth, make it however
likely that indeed at least a part of the variation in
plant growth in the experiment was attributable to
plant-AMF interactions. It has to be noted that
maize growers are not necessarily interested in
aboveground biomass but rather in grain yield and
its quality. Clearly, measuring such responses will
require longer-term experiments.
In their second experiment, the authors further
explored effects of the AMF communities on plant
growth and phosphorous retention in the soil. Before
harvesting the first experiment, watering was ceased
for four weeks to promote sporulation of AM fungi. A
selection of six soils from the first experiment,
representing the full spectrum of AMF colonization
variation, was used as an inoculum source for the
second experiment. Treatments included 0% inoculum
(sterile control), 4% and 12% inoculum (percentages
are dry weight fraction). In order to standardize the
microbial community composition across all the AMF
treatments, a microbial wash composed of an AMF-
free mixed filtrate from all inocula was added to all
treatments.
In this second inoculation experiment, Verbruggen
et al. (2011) found significantly lower intra- and
extra-radical AMF colonization levels in the treat-
ments with inoculum originating from conventional
fields compared to those from organic fields. This
lower AMF abundance in both the roots and in the
soil was associated with higher plant biomass pro-
duction, but traded-off with higher soil P-leaching.
Although amounts of P leaching were not consistently
related to the origin of the inocula, P leaching was
significantly negatively correlated to AMF hyphal
density in soil. Interestingly, molecular analysis
revealed AMF species-specificity for both effects on
plant growth and phosphorous retention. However, in
response to question 2 (how well do the soil biota
from controlled experiments represent the natural
field communities?), the authors found that composi-
tional divergence from the original fields had clearly
occurred. AMF species richness was reduced to
roughly half of the observed AMF richness in the
fields. In how far other AMF properties such as total
AMF abundance and community composition was
affected by the experimental treatments was not
further explored.Yet maize roots collected from the
field did not show significant differences in % AMF
colonization between conventional and organically
managed fields (Table 1 in Verbruggen et al. 2011),
while in the pot experiments using soil as inoculum,
colonization levels did differ between both management
types (marginally non-significant higher colonization in
the organic soils in experiment 1, significantly higher
colonization in the organic soils in experiment 2). This
discrepancy could potentially be due to the overruling
impact of disturbance on AM fungi hyphal growth in
the field and greater possibility for diverging AMF
growth in a pre-culturing step. Under field conditions,
hyphal networks of AMF will develop, but especially
physical disturbance such as soil ploughing are very
destructive to these mycorrhizal structures (Helgason et
al. 1998). In the study system of Verbruggen et al.
(2011), the organic and conventionally managed sites
differed in the application of mineral fertilisers and
pesticides and in crop rotation, but tilling practices were
not different (they were not mentioned as being so) and
the effect of tilling may overrule effects of pesticide and
fertiliser use. Comparisons between fields with different
levels of physical disturbance may thus yield greater
differences in colonisation levels. When using soil
inoculum, AM fungi need to establish a network from
germinating spores and viable AMF remains in root
fragments. The use of soil inoculum after a pre-
culturing step in the greenhouse rather than directly
from the field can have promoted larger AMF densities
after the pre-culturing step with soil inoculum from
organic fields, given their larger diversity and assuming
niche complementarity between these AMF species
(van der Heijden et al. 1998).
Ultimately, the authors aimed to improve our
understanding of microbial soil functioning under
contrasting management types. Soil processes and the
associated ecosystem services are the result of a
complex interplay of abiotic soil factors and
biological activity in the rhizosphere and bulk
soil. Communities of AMF might have different
functional roles in soils of different management
type due to differences in their abundance and
composition (Oehl et al. 2003; Verbruggen et al.
2010) and/or due to the different abiotic and biotic
context in which they need to function. From an
agro-ecological perspective, this means that the net
effect of AMF on the studied processes might be
quite different in conventional versus organically
managed systems. In conventional farming, AMF
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might only imply costs for the plant, because mineral
phosphorous and other nutrients are generally added to
the fields. In an organic farming context, AMF might be
essential to prevent P limitation in the long run. This
means that the functional significance of AMF can
indeed be dependent on management type. One could
further speculate about important interactions between
AMF and other soil organisms, changing AMF com-
munity composition during the experimental treatments,
and so on—all of this possibly dragging the obtained
results out of a proper field context.
The considerations discussed above do however
not preclude the quality and importance of the paper
of Verbruggen et al. (2011). The study provides very
interesting perspectives on the multi-functional role of
AM fungi in agricultural systems and potential trade-
offs between several functions provided by AMF.
However, we believe that firm conclusions on the
actual functional outcomes of AMF communities
from agricultural systems with either conventional or
organic management are hard to make on the basis of
the results presented in Verbruggen et al. (2011). The
potential trade-off between nutrient retention and
plant productivity in the AMF-maize interaction
might hold true on a mechanistic basis, meaning that
these individual effects of AMF (carbon cost for the
plant and positive effect on P retention) potentially
exist in field situations. The ultimate question for
farming policy, however, is if this trade-off holds true
in the full context of field conditions and in a wide
range of soil types and levels of soil nutrients.
Organic farming relies on internal, biologically driven
nutrient cycling by retaining nutrients in the soil
system in the form of organic matter and mineraliza-
tion of internal and externally provided organic matter
by soil biota (Altieri 1999). AMF communities play
an important role in these processes—as the study of
Verbruggen et al. (2011) confirms (for P retention).
Loss of AMF diversity or activity, especially of those
adapted to the local abiotic and biotic environment in
which they function, might thus negatively affect both
P retention and crop production in the long run.
Moreover, AMF are known to provide other ecosys-
tem functions beyond P retention, such as suppression
of soil pathogens and improving soil structure, which
need to be taken into account in order to make up the
balance between costs and benefits of AMF mediated
impact of agricultural practices (Hart and Trevors
2005).
We conclude that Verbruggen et al. (2011) make an
interesting contribution to our understanding of the
functional role of AMF communities for the studied
processes, but that the results of this paper only allow
us to merely speculate about the realized functional
role of the management-specific AMF communities in
the complex web of below ground biological inter-
actions and the complexity of the abiotic soil
environment. We recommend that highly controlled
experiments, such as the one discussed in this
commentary, be complemented by long-term field
studies where short as well as longer-term impacts of
(manipulated) soil biota communities can be investi-
gated, ideally across soils with different abiotic
properties. As an intermediate between field and
highly controlled mesocosm studies with inoculation
of single (trophic) groups of soil biota, mesocosm
studies with increasing biotic complexity and in
different abiotic settings (e.g. nutrient levels) could
provide an additional stepping stone in increasing our
mechanistic understanding of the functioning of
specific soil biota in their natural complex biotic and
abiotic environment.
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